Abstract-The paper explores the sensitivity of a wide band UHF textile antenna for reception of digital television and discusses the performance of the antenna when submitted to curvature or the presence of the body. Despite dimensions that are somewhat large for a human body, the study shows that the antenna performs well in curved situations, showing little change in return loss when crumpled, rolled, and worn on chest and arm. The antenna is also robust to changes in thickness and permittivity of the substrate, which is an advantage as the same design could potentially be directly applied to a range of textile materials with only minor modifications to the original design.
I. INTRODUCTION
Textile antennas for wearable electronics have received much attention over the past few years due to their light weight, low cost and ability to conform to the human body, many prototypes being proposed at frequencies from 2.45 to 10 GHz [1] - [6] . Fewer textile antennas have however been reported at UHF frequencies and below [7] - [9] . Dipole antennas based on fleece and copper tape were developed by Kellomaki et al at 100 MHz for reception of FM radio [7] and an embroidered antenna on felt was designed at 406 MHz for Search and Rescue operations [8] . However in each case although adequate for the application, the antenna was narrowband.
Digital television (DTV) is currently being adopted in many places throughout the world. In recent years, a growing number of antennas, such as those specified in [10] - [11] , have been reported to receive television on laptop computers and Portable Media Players. These however use traditional technology with FR4 substrate, which would be rather uncomfortable for wearable applications.
To the authors' knowledge, only one textile antenna has been proposed in the literature for digital television reception. The textile DTV antenna (reproduced in Fig. 1 and measuring approximately 40x15 [cm]) was developed in 2008 by Furuya et al [9] using an unspecified textile substrate and a "conductive cloth" similar to copper tape in appearance. The antenna offered a wide bandwidth from 470 MHz to 770 MHz and dipole-like radiation patterns. However, no information was provided regarding the sensitivity of the antenna to parameters such as the excitation, the variation in geometry, the influence of the substrate and most importantly to the performance of the antenna against curvature or when worn, which is an important consideration for such a physically large antenna. Furthermore, simulation and measurement results given in [9] barely covered the DTV band, the bandwidth being somewhat limited at lower frequencies in the simulated results and at higher frequencies in the measured data.
In this paper, an antenna based on the design in [9] but with improved bandwidth was developed using a felt substrate and Nora [12] conductive textile. A parametric analysis was carried out using the Finite-Difference Time-Domain (FDTD) software developed at the University of Bristol. The geometry was determined to provide a bandwidth in excess of the 470-770 MHz required for DTV reception and comfortably accommodate any variation in frequency due to curvature or the proximity to the body. The antenna was bent, rolled on itself and worn on various positions of the body. Measured results were derived and compared.
II. SIMULATION OF INITIAL ANTENNA
The DTV antenna in [9] was simulated by FDTD, the numbers in Fig. 1 showing the different blocks that form the antenna. Blocks 1 to 3 represent the ground plane, blocks 4 and 5 the T-shaped monopole element and blocks 6 to 9 the Lshaped parasitic elements. The substrate was felt, with a thickness 1.21 mm, dielectric constant 1.288 and loss tangent 0.0366, as evaluated by National Physical Laboratory, UK. Little information was provided in [9] regarding the excitation of the antenna except that a coaxial cable was used. A snapshot of the electric field normal to the antenna plane at 650 MHz shows in Fig. 2 that the field is concentrated near the edges, with a strong positive (red) amplitude in the T and negative (blue) amplitude in the ground plane. It was found both by simulation and measurement that the antenna was best excited when the coaxial cable was laid on the antenna ground plane (as shown by the yellow line in Fig. 2) , the outer part positioned up to the edge and making good contact with block 2, and the inner part touching the T and at 1 mm from the edge of block 5. The dimension and shape of the ground plane were found to have a large influence of the bandwidth. It was observed by simulation that the match could be improved by several dB when the height of objects 1 and 3 was reduced from 10 cm to 5 cm. The width of blocks 1 and 3 had a marked effect on the bandwidth as shown in Fig. 3 and a width of 7.5 cm was determined as optimal. The dimensions of the inner T-shaped part were found to be already optimal in [9] and were maintained at 4.9 cm and 1.5 cm for block 5 height and width respectively, and 1.5 cm for the height of block 4. The width of block 4 had some influence on the match as seen in Fig. 6 and was reduced to 15 cm for better performance. Note that the changes mentioned so far had little effect on the rise in return loss at around 750 MHz. It was remarked however, that shifting block 4 slightly by 1 cm resulted in an improvement of 1 dB in the overall match at this frequency. The upper parts of the parasitic sections (blocks 6 and 8), on the other hand, were found to have most effect on that value. As an example, Fig. 7 shows the effect of variations in width. Variations in height produced similar effects. In both cases, the values of 1 cm and 3.5 cm for height and width respectively were confirmed as optimum. Sensitivity of the antenna to variations in substrate thickness was investigated and the simulated results are displayed in Fig. 8 . As can be seen, the antenna is very robust to these changes, which is good as the thickness of the felt might get altered by tear and wear.
Permittivity variations shown in Fig. 9 indicate that the design with felt could readily be translated to other textiles as the dielectric constants of most textiles tend to lie in the lower range below 2.5. 
B. Derivation of a new wideband antenna
A new wideband antenna was obtained by successive adjustments of the geometry following the parametric analysis. The resulting antenna is displayed in Fig. 10 and will be used in all measurements of the next section. 
III. NUMERICAL RESULTS
The textile DTV antenna was fabricated using felt and high performance Nora conductive textile [12] (surface resistivity of 0.03/square), and was assembled using adhesive sheets. Fig. 11 shows a comparison of FDTD simulated and measured results for the new antenna depicted in Fig. 10 along with the simulated and measured results presented in [9] . As in [9] , a noticeable shift of about 100 MHz is obtained by measurement compared to the predicted results and the reason for this shift is currently under investigation. It can however be seen that the new antenna has improved bandwidth compared to the results in [9] with measured VSWR levels below 2 ranging from 376 MHz to 843 MHz. This exceeds the required bandwidth of 470 MHz to 770 MHz stated in [9] , the 470-806 MHz in [10] and almost covers the bandwidth 470-862 MHz in [11] with a VSWR of 2.30 at 862 MHz. Three dimensional radiation patterns were measured for the DTV antenna and are displayed in Fig. 12 . The antenna has no ground plane on the opposite side, hence radiating backwards and although some absorbers were placed behind the antenna to hide the influence of the supporting metal post, the patterns obtained are slightly distorted. These are however in good qualitative agreement with the patterns presented in [9] in the three principal planes, with omni-directional patterns in the azimuth at low frequency and nulls forming at the upper end of the frequency range. 
A. Performance of modified antenna when flat

B. Antenna performance when curved and worn
The performance of the antenna was tested under more realistic situations for a wearable antenna, first evaluating the influence of curvature alone and then adding the effect of the proximity of a human body. Fig. 13 shows the DTV antenna submitted to strong degrees of curvature. Two tests were performed: the antenna was bent on the table (left) and crumpled and wrapped in the shape of a cylinder (right), which is the strongest degree of curvature that can be achieved without overlapping the sides of the antenna. In both cases, the frequency response remained satisfactory and suffered only minor changes at very low levels while the DTV band was preserved as shown in Fig. 14 . 2) Antenna when worn: In a second step, the DTV antenna was worn on the chest (left) and on the arm (right) as shown on the photograph of Fig. 15 . The frequency response also remained stable in these cases and the DTV band was almost unaffected, which is of particular interest when the antenna is rolled on the arm with the two sides of the ground plane almost overlapping and slightly crumpled, as shown in Fig. 15 (right). IV. CONCLUSIONS A textile DTV antenna was developed with wide band performance showing some robustness to variations in height and dielectric constant of the substrate. The ground plane was found to have a large influence on the overall bandwidth. The antenna was enhanced by FDTD simulations and constructed using felt and a high performance conductive textile. It offered good radiation patterns and a wider bandwidth than a similar antenna presented in the literature, the 76% bandwidth ranging from 376 MHz to 843 MHz to cover the DTV band in operation in most countries worldwide.
1) Antenna under curvature:
It was further shown that the antenna maintains its performance even when made to conform to a very curved surface, the spectral response remaining largely unaffected by bending or wrapping, or by being positioned on the chest or rolled around the arm. This was not intuitively obvious given the relatively large dimensions of the device. Therefore, the antenna could readily be mounted on the sides of a camping or military tent as well as worn on clothes for on-body reception of digital television.
